Using a conditioning paradigm, the olfactory sensitivity of CD-1 mice for a homologous series of aliphatic 2-ketones (2-butanone to 2-nonanone) and several of their isomeric forms was investigated. With all 11 odorants, the animals significantly discriminated concentrations as low as 0.01 ppm (parts per million) from the solvent, and with two odorants (2-octanone and 5-nonanone), the best-scoring animals even detected concentrations as low as 3 ppt (parts per trillion). Analysis of odor structure-activity relationships showed that the correlation between olfactory detection thresholds of the mice for the 2-ketones and carbon chain length can best be described as a U-shaped function with the lowest threshold values at 2-octanone. Similarly, the correlation between olfactory sensitivity and carbon chain length of symmetrical ketones (3-pentanone to 6-undecanone) can best be described as a U-shaped function. In contrast, no significant correlation was found between olfactory detection thresholds of the mice and position of the functional carbonyl group attached to a C 7 backbone. A comparison between the olfactory detection thresholds obtained here with those obtained in earlier studies suggests that mice are significantly more sensitive for 2-ketones than for n-carboxylic acids of the same carbon chain length. Across-species comparisons suggest that mice are significantly more sensitive for aliphatic ketones than squirrel monkeys and pigtail macaques, whereas the ranges of human olfactory detection threshold values overlap with those of the mice with seven of the 11 ketones tested. Further comparisons suggest that odor structure-activity relationships are both substance class and species specific.
Introduction
Aliphatic ketones are widely found in nature, and for some species of animals such as mice, this class of volatile chemicals appears to be of particular behavioral relevance. Chemical analyses have shown that both the body odor (Röck et al. 2006 ) and the urine odor (Schwende et al. 1986; Röck et al. 2007 ) of mice contains aliphatic ketones. The concentration of certain aliphatic ketones in mouse urine has been found to change systematically as a function of the odor donor's age and thus to serve as a chemosignal of male sexual attractiveness (Osada et al. 2008) . Similarly, the concentration of the aliphatic ketones 2-hexanone and 4-heptanone in the urine of female mice has been found to change systematically as a function of reproductive condition and thus to serve as a chemosignal of sexual receptivity (Jemiolo et al. 1989) . Other aliphatic ketones such as 2-pentanone and 4-decanone have been found to significantly differ in concentration between the urine odors of the two European subspecies of Mus musculus and are thus likely candidates to serve as chemosignals of species recognition (Mucignat-Caretta et al. 2010) . The aliphatic C 7 ketone 2-heptanone has been identified as a pheromone in the urine of female mice delaying puberty in female conspecifics ). The same aliphatic ketone has recently also been identified as a urinary biomarker of male mice providing a chemosignal of stress level to conspecifics (Schaefer et al. 2010) . Interestingly, 2-heptanone is detected by both the main olfactory system and the vomeronasal system of the mouse, suggesting an integration of the two chemosensory pathways in processing mouse pheromones (Xu et al. 2005) . Aliphatic 2-ketones have also been found to comprise an important fraction of the volatiles of cereals such as wheat, rye, triticale, barley, oats, corn, and rice (Maga, 1978) , staple foods of the granivorous M. musculus (Whitaker 1966) , and are thus likely to play a role in the context of olfactory-guided foraging and food selection.
Despite the behavioral relevance of aliphatic ketones for mice, no information as to their olfactory sensitivity for members of this class of volatile chemicals is available. Such information, however, is clearly important for the choice of adequate stimulus concentrations in studies assessing the behavioral effects of aliphatic ketones in mice as well as in studies investigating the neural representation of these structurally related odorants using electrophysiological or imaging approaches. It was therefore the aim of this study to determine olfactory detection thresholds for a set of aliphatic ketones in mice. The possibility to obtain olfactory detection threshold values for both a homologous series of 2-ketones and for some isomeric forms of these odorants allowed to assess the impact of molecular structural features such as carbon chain length and position of the functional carbonyl group on detectability. Comparing the olfactory detection thresholds determined here to those obtained with the same set of odorants in other species allowed to additionally assess whether neuroanatomical properties such as the size of olfactory brain structures or genetic properties such as the number of functional olfactory receptor genes correlate with olfactory sensitivity for aliphatic ketones. Finally, comparing the olfactory sensitivity of the mice for the aliphatic ketones tested here to that of other classes of odorants tested previously in the same species allowed to assess whether behavioral relevance of odorants correlates with olfactory sensitivity.
Materials and methods

Animals
Testing was carried out using five male CD-1 mice (M. musculus). The rationale for choosing this outbred strain of mice was to use animals with a genetic background that is more similar to wild-type mice than that of inbred strains. Furthermore, data on olfactory detection thresholds for homologous series of aliphatic aldehydes ) and carboxylic acids (Güven and Laska 2012) and for structurally related aromatic aldehydes (Larsson and Laska 2011) , alkylpyrazines (Laska et al. 2009 ), monoterpenes , "green" odors (Løtvedt et al. 2012) , amino acids (Wallén et al. 2012) , and sulfur-containing predator odorants (Sarrafchi et al. 2013) were obtained in earlier studies using the same mouse strain. Maintenance of the animals has been described in detail elsewhere . The mice were 150-170 days old at the beginning of the study.
The experiments reported here comply with the Guide for the Care and Use of Laboratory Animals (National Institutes of Health Publication no. 86-23, revised 1996) . They were performed according to a protocol approved by the local Animal Care and Use Committee.
Odorants
A set of 11 odorants was used: 2-butanone (CAS# 78-93-3), 2-pentanone (CAS# 107-87-9), 2-hexanone (CAS# 591-78-6), 2-heptanone (CAS# 110-43-0), 2-octanone (CAS# 111-13-7), 2-nonanone (CAS# 821-55-6), 3-pentanone (CAS# 96-22-0), 3-heptanone (CAS# 106-35-4), 4-heptanone (CAS# 123-19-3), 5-nonanone (CAS# 502-56-7), and 6-undecanone (CAS# 927-49-1). The rationale for choosing these substances was to assess the sensitivity of the mice for odorants representing members of a homologous series of aliphatic compounds, that is, substances sharing a functional group at the same position of the carbon backbone but differing in carbon chain length. Additionally, isomeric forms of some of these compounds, that is, substances sharing the same sum formula and functional group but differing in position of the functional group were used, allowing to assess the impact of both structural features on detectability. More specifically, sensitivity for six 2-ketones with a carbon chain length of C 4 -C 9 and for four symmetrical ketones, that is, substances with an odd number of carbons (C 5 , C 7 , C 9 , or C 11 ) and the functional carbonyl group attached to the carbon in the middle of the carbon chain was assessed. Additionally, sensitivity for three heptanones, that is, substances with a C 7 backbone and the functional carbonyl group attached either to the second, third, or fourth carbon was assessed. All substances were obtained from Sigma-Aldrich and had a nominal purity of at least 99%. They were diluted using near-odorless diethyl phthalate (CAS# 84-66-2) as the solvent. Gas phase concentrations for the headspace above the diluted odorants were calculated using published vapor pressure data (Dykyi et al. 2001 ) and corresponding formulae (Weast 1987 ) and were empirically verified using a miniPID Gas Sensor (Fast Response Miniature Photo-Ionization Detector, Model 200B, Aurora Scientific). Figure 1 shows the molecular structure of the odorants.
Behavioral test
Olfactory sensitivity of the mice was assessed using an automated liquid dilution olfactometer (Knosys) and an instrumental conditioning procedure that has been described in detail elsewhere (Bodyak and Slotnick 1999) . Briefly, animals were trained to insert their snout into the odor sampling port of a test chamber. This triggered a 2-s presentation of either an odorant used as the rewarded stimulus (S+) or a blank (headspace of the solvent) used as the unrewarded stimulus (S−). Licking at a steel tube providing 2.5 µL of water reinforcement in response to presentation of the S+ served as the operant response. Incorrect responses were not punished. Forty such trials (20 S+ and 20 S− trials in pseudorandomized order) using the same concentration of a given S+ were conducted per animal and condition. To ensure reliable cooperation, the animals were kept on a water deprivation schedule of 1.5 mL of water per day. Part of this amount of water was consumed during the test session; the rest was fed to the animal immediately after the end of the test session. After 4 weeks of water deprivation and daily testing (with a maximum of six blocks of 20 trials per day), the animals were allowed 1 week of ad libitum access to water without testing. Then, the next 4-week cycle of water deprivation and daily testing followed. Three such cycles, corresponding to approximately three months, were needed to complete testing with all 11 odor stimuli. The sequence of testing was the following for all animals: 2-heptanone, 2-butanone, 2-nonanone, 2-hexanone, 2-pentanone, 2-octanone, 4-heptanone, 3-pentanone, 6-undecanone, 5-nonanone, and 3-heptanone. Testing with a new odorant started as soon as all five animals had completed testing with a given odorant.
Olfactory detection thresholds were determined by testing the animals' ability to discriminate between increasing dilutions of an odorant used as S+ and the solvent alone used as S−. Starting with a gas phase concentration of 1 ppm, each stimulus was successively presented in 10-fold dilution steps until an animal failed to significantly discriminate the odorant from the solvent. Subsequently, an intermediate concentration (0.5 log units between the lowest concentration that was detected above chance and the first concentration that was not) was tested in order to determine the threshold value more exactly.
Data analysis
For each individual animal, the percentage of correct choices from 40 consecutive trials per dilution step was calculated. Correct choices consisted both of licking in response to presentation of the S+ and not licking in response to the S−, and errors consisted of animals showing the reverse pattern of operant responses, that is, not licking in response to the S+ and licking in response to the S−. Significance levels were determined by calculating binomial z-scores corrected for continuity from the number of correct and false responses for each individual and condition. All tests were two-tailed, and the alpha level was set at 0.01.
Correlations between olfactory threshold values and molecular parameters such as carbon chain length of the odorants tested or position of the functional group were calculated using linear regression analysis and, in the case of the symmetrical ketones and the 2-ketones, also using second-and third-order polynomial regression analysis, respectively. Within-species comparisons of performance were performed using the Wilcoxon signed-rank test for dependent samples. Between-species comparisons were performed using the Mann-Whitney U-test for independent samples. Figure 2 shows the performance of the mice in discriminating between various dilutions of a given odorant and the solvent. All five animals significantly distinguished dilutions as low as 1:933 333 2-butanone, 1:366 667 2-pentanone, 1:49 000 2-hexanone, 1:2 200 000 2-heptanone, 1:9 200 000 2-octanone, 1:160 000 2-nonanone, 1:433 333 3-pentanone, 1:2 200 000 3-heptanone, 1:8 333 333 4-heptanone, 1:1 800 000 5-nonanone, and 1:43 333 6-undecanone from the solvent (binomial test, P < 0.01), with some individuals even scoring better. (Please note that the headspace above these dilutions was further diluted by a factor of 40 by the olfactometer used with the mice.)
Results
Olfactory sensitivity
The individual mice generally demonstrated similar detection threshold values with a given odorant, and with 8 of the 11 odorants (2-butanone, 2-pentanone, 2-heptanone, 2-octanone, 3-pentanone, 3-heptanone, 5-nonanone, 6-undecanone), they differed only by a dilution factor of 10 between the highest-and the lowest scoring animal. With two odorants (2-hexanone, 4-heptanone) the range of threshold values was even only a dilution factor of 3. The largest difference in sensitivity for a given odorant between individuals was a dilution factor of 33 and was found with 2-nonanone. Table 1 summarizes the threshold dilutions of the mice and shows various measures of corresponding gas phase concentrations (Weast 1987) , allowing readers to easily compare the data obtained in this study to those reported by other authors using one of these convertible measures. In all cases, threshold dilutions correspond to gas phase concentrations ≤0.01 ppm (parts per million). With two odorants (2-octanone and 5-nonanone), individual animals even reached threshold values as low as 3 ppt (parts per trillion).
Odor structure-activity relationships Figure 3 (left panel) shows the olfactory detection thresholds of the mice for the six 2-ketones tested here. Threshold values overlapped between 2-butanone, 2-pentanone, and 2-hexanone, then decreased from 2-hexanone to 2-octanone, and increased again with 2-nonanone. Accordingly, the correlation between olfactory detection thresholds of the mice for the 2-ketones and carbon chain length can best be described as a U-shaped function (third-order polynomial regression, R 2 = 0.79, P < 0.0001, equation for line of best fit: y = − 7.67 + 5.71x − 1.98x 2 + 0.18x 3 ). Figure 3 (middle panel) shows the olfactory detection thresholds of the mice for the four symmetrical ketones tested here. Threshold values decreased from 3-pentanone to 4-heptanone, overlapped between 4-heptanone and 5-nonanone, and increased again with 6-undecanone. Accordingly, the correlation between olfactory detection thresholds of the mice for the symmetrical ketones and carbon chain length can best be described as a U-shaped function (second order polynomial regression, R 2 = 0.79, P < 0.0001, equation for line of best fit: y = − 0.66 − 3.45x + 0.62x 2 ). Figure 3 (right panel) shows the olfactory detection thresholds of the mice for the three heptanones tested here. Threshold values did not systematically vary between 2-heptanone, 3-heptanone, and 4-heptanone (Wilcoxon, P > 0.05). Accordingly, linear regression analysis did not find a significant slope for olfactory detection thresholds and position of the functional carbonyl group on a C 7 backbone (R 2 = 0.11, P > 0.05, equation for line of best fit: y = − 4.51 ̶ + 0.01x).
Discussion
The results of this study demonstrate that mice have a welldeveloped olfactory sensitivity for monomolecular odorants belonging to the chemical class of aliphatic ketones. Further, they demonstrate significant correlations between olfactory detection thresholds and carbon chain length of both the 2-ketones and the symmetrical ketones tested here.
Olfactory sensitivity
The interindividual variability of the detection threshold values in this study was low and considerably smaller than the range reported in studies on human olfactory sensitivity (Doty and Laing 2003) . With only one exception the largest difference between the most and the least sensitive animal with a given odorant was a dilution factor of 10 or lower (see Figure 2) . Therefore, the results can be considered as robust despite the fact that only five animals were tested. Further, with all odorants, the animals' performance with the lowest concentrations presented dropped to chance level, suggesting that the statistically significant discrimination between higher concentrations of an odorant and the solvent was indeed based on chemosensory perception and not on other cues. Figure 4 compares the olfactory detection threshold values of the mice for the aliphatic ketones tested here with those obtained in earlier studies with other mammalian species. Such across-species comparisons should, of course, consider that different methods may strongly affect the outcome of such measurements of olfactory sensitivity (Hastings 2003) . However, both the method employed in this study with CD-1 mice as well as the methods employed in previous studies with other nonhuman mammalian species were based on instrumental conditioning paradigms and can therefore be considered as comparable. Keeping this in mind, it seems legitimate to state that the CD-1 mice were significantly more sensitive for the ketones tested here than both squirrel monkeys and pigtail macaques (Laska et al. 2005b ). This is true both when considering all 11 ketones together and when considering 2-ketones, symmetrical ketones, and heptanones separately (MannWhitney U-test, P < 0.001, with all comparisons). With only one exception (2-nonanone), the ranges of threshold values did not even overlap between mice on the one hand and squirrel monkeys and pigtail macaques on the other hand (Figure 4) . In contrast, the ranges of human olfactory detection threshold values overlapped with those of the mice with 7 of the 11 ketones tested, and with three of those (2-hexanone, 2-heptanone, and 2-nonanone), the lowest mean human threshold value was even lower than the lowest individual mouse threshold value. (Please note that human studies usually do not report threshold values of individual subjects but only mean values across groups of subjects. Thus, statistical comparisons between the olfactory sensitivity of humans and mice are not possible.) If we further take into account that single human individuals must have even scored better than the lowest mean values of human olfactory sensitivity for the ketones depicted in Figure 4 , it seems unlikely that humans and mice differ systematically in their sensitivity for this class of odorants. This is remarkable considering that mice have ≈1,060 functional genes coding for olfactory receptors (Nei et al. 2008) , whereas humans have only ≈390 (Niimura 2012) . This, in turn, suggests that it may (Laska et al. 2005b ) and, for mice, in this study. Data points of the human subjects represent the highest and the lowest mean threshold value reported in the literature (van Gemert 2011).
not necessarily be the size, but perhaps the composition of the repertoire of functional olfactory receptor types that may determine a species' olfactory sensitivity for a given odorant or class of odorants. This idea is supported by studies that also failed to find significant correlations between the size of olfactory receptor repertoires and olfactory sensitivity of different species (Hernandez Salazar et al. 2003; Kjeldmand et al. 2011; Larsson and Laska 2011) . Concerning betweenspecies differences in the composition of olfactory receptor repertoires, it is interesting to note that the mouse olfactory receptor mOR912-93 is activated by aliphatic ketones with 4-10 carbons and a carbonyl group at the second or third position on the alkyl chain (Gaillard et al. 2002) . The human ortholog (hOR912-93) of this receptor was found not to respond to ketones due to a single nonsense point mutation (Hummel et al. 2005) . Another mouse olfactory receptor (mOR256-17) has been found to be comparatively broadly tuned, that is, to respond to an array of chemically diverse volatiles, but to respond best to aliphatic ketones with 6-7 carbons (Li et al. 2012) . Among the still comparatively few human olfactory receptors that have been deorphaned so far, there are at least three that are nonhomologous to the mouse receptors mentioned above and that respond preferentially (hOR52D1 and hOR1G1) or even exclusively (hOR1E3P) to ketones (Sanz et al. 2005; Matarazzo et al. 2005 ). This might, at least partially, explain why the sensitivity of human subjects to aliphatic ketones is not generally inferior to that of mice (see Figure 4) .
Several studies proposed that between-species differences in olfactory sensitivity might be linked to neuroanatomical properties such as the relative or the absolute size of the olfactory bulbs (Nummela et al. 2013) . However, although the relative size of the olfactory bulbs is much larger in mice (2.0% of total brain volume) than in human subjects (0.01%; Stephan et al. 1988) , the two species did not differ systematically in their olfactory sensitivity with aliphatic ketones (Figure 4) . The absolute size of the human olfactory bulb (114 mm 3 ) is even markedly larger than that of the mouse (8.3 mm 3 ; Pomeroy et al. 1990) , suggesting that this neuroanatomical property, too, is unlikely to be a reliable proxy of a species' olfactory sensitivity.
A comparison between the olfactory detection thresholds obtained here with those obtained in earlier studies Güven and Laska 2012) demonstrates that mice are significantly more sensitive for 2-ketones than for n-carboxylic acids (Mann-Whitney, P < 0.01), but not for n-aldehydes (Mann-Whitney, P > 0.05), of the same carbon chain length ( Figure 5 ).
With the notable exception of sulfur-containing predator odorants (Sarrafchi et al. 2013) , for which mice appear to be particularly sensitive, the threshold values obtained in this study with aliphatic ketones are generally in the lower range of those reported for other chemical classes such as aromatic aldehydes (Larsson and Laska 2011) , alkylpyrazines (Laska et al. 2009 ), monoterpenes , "green odors" (Løtvedt et al. 2012) , and amino acids (Wallén et al. 2012) tested previously with mice. This is in line with the idea that the behavioral relevance of odorants correlates with a species' olfactory sensitivity (Laska et al. 2005a; Hayden et al. 2010 ).
Odor structure-activity relationships
The finding of a U-shaped function of olfactory detection thresholds for aliphatic 2-ketones and symmetrical ketones in mice demonstrates that sensitivity for members of a homologous series of substances is not a simple function of vapor pressure. A corresponding U-shaped function of olfactory detection thresholds in mice has also been reported for n-carboxylic acids (Güven and Laska 2012) . However, although the 2-ketone that yielded the lowest thresholds (corresponding to the lowest point on the U-shaped curve) had eight carbons (2-octanone), the n-carboxylic acid that was detected at the lowest concentrations (again, corresponding to the lowest point on the U-shaped curve) had only four carbons (n-butanoic acid; see Figure 5 ). In contrast, no significant correlation was found between olfactory detection thresholds of mice and carbon chain length of aliphatic n-aldehydes ). This suggests that odor structure-activity relationships with regard to sensitivity for homologous series in a given species are substance class specific rather than a generalizable phenomenon. This idea is also in line with a study that reported a significant negative correlation between discrimination performance of mice and structural similarity of odorants in terms of differences in carbon chain length with 2-ketones and acetic esters but not with 1-alcohols, n-aldehydes, and n-carboxylic acids (Laska et al. 2008) .
Human subjects, squirrel monkeys, and pigtail macaques all showed a significant negative linear correlation between olfactory detection thresholds and carbon chain length of 2-ketones (Laska et al. 2005b; Cometto-Muñiz and Abraham 2009 ) and thus a type of correlation that differs from the U-shaped one found here with the mice (Figure 4 , left panel). This suggests that odor structure-activity relationships with regard to sensitivity for a given homologous series of substances are species specific. This idea is also supported when comparing the correlations between olfactory detection thresholds and carbon chain length of the symmetrical ketones; although mice, human subjects, and squirrel monkeys showed a U-shaped correlation with these odorants, pigtail macaques displayed a significant negative linear correlation (Figure 4 , middle panel). In contrast, mice, squirrel monkeys, and pigtail macaques concur in their lack of displaying a significant correlation between olfactory sensitivity and position of the functional carbonyl group on a C 7 backbone, whereas humans display a negative linear correlation (Figure 4, right panel) . This, in turn, suggests that odor structure-activity relationships are also species specific with regard to molecular structural properties other than carbon chain length.
The finding that both carbon chain length of odor molecules and position of functional groups attached to unbranched carbon backbones can have a systematic effect on detectability should not be surprising considering that both molecular structural features have been found to be important determinants of the specificity of interaction between stimulus and receptor (Anselmi et al. 2011; Baud et al. 2011) , as well as of the chemotopic organization of odor coding within the olfactory bulb (Johnson et al. 2005; Johnson and Leon 2007) .
Taken together, the olfactory detection thresholds reported here allow for the following conclusions:
1. Mice have a well-developed olfactory sensitivity for aliphatic ketones. 2. The olfactory detection threshold values obtained here are significantly lower than, or in the lower range of, those reported for the majority of other chemical classes tested previously, suggesting that aliphatic ketones may play an important role in regulating the behavior of mice. 3. Mice are significantly more sensitive than squirrel monkeys and pigtail macaques, but not than human subjects, to the aliphatic ketones tested here.
4. Neuroanatomical properties such as the relative and/ or the absolute size of the olfactory bulbs or genetic properties such as the number of functional olfactory receptor genes are poor proxies of a species' olfactory sensitivity for aliphatic ketones. 5. Carbon chain length systematically affects olfactory sensitivity of mice for aliphatic ketones, whereas position of the functional carbonyl group does not. 6. Across-odorant and across-species comparisons suggest that odor structure-activity relationships are both substance class and species specific.
Further, the data may provide useful information for the choice of adequate stimulus concentrations in studies investigating the behavioral effects of aliphatic ketones in mice and in electrophysiological or imaging studies of the mouse olfactory system.
